Observation of high-energy neutrinos
using Gerenkov detectors embedded
deep in Antarctic ice
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Neutrinos are elementary particles that carry no electric charge
and have little mass. As they interact only weakly with other
particles, they can penetrate enormous amounts of matter, and
therefore have the potential to directly convey astrophysical
information from the edge of the Universe and from deep inside
the most cataclysmic high-energy regions'. The neutrino’s great
penetrating power, however, also makes this particle difficult to
detect. Underground detectors have observed low-energy neutri-
nos from the Sun and a nearby supernova’, as well as neutrinos
generated in the Earth’s atmosphere. But the very low fluxes of
high-energy neutrinos from cosmic sources can be observed only
by much larger, expandable detectors in, for example, deep water™*
or ice’. Here we report the detection of upwardly propagating
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atmospheric neutrinos by the ice-based Antarctic muon and
neutrino detector array (AMANDA). These results establish a
technology with which to build a kilometre-scale neutrino obser-
vatory necessary for astrophysical observations'.

High-energy neutrinos must be generated in the same astro-
physical sources that produce high-energy cosmic rays'. These
sources are a matter of speculation, but are thought to reside in
shocked or violent environments such as are found in supernova
remnants, active galactic nuclei, and gamma-ray bursters. The
interaction of any high-energy proton or nucleus with matter or
radiation in the source will produce neutrinos, some of which will
have line-of-sight trajectories to Earth. AMANDA detects neutrinos
with energies above a few tens of GeV by observing the Cerenkov
radiation from muons that are produced in neutrino—nucleon
interactions in the ice surrounding the detector or in the bedrock
below®. This Cerenkov light is detected by an array of photomulti-
plier tubes (Fig. 1), which are buried deep in the ice in order to
minimize the downward flux of muons produced in cosmic-ray
interactions in the atmosphere. These muons constitute the main
background for AMANDA. To ensure that the detected muons are
produced by a neutrino, we use the Earth as a filter and look for
upwardly propagating muons that perforce must have been pro-
duced by a neutrino that passed through the Earth. From the relative
arrival times of the Cerenkov photons, measured with a precision of
a few nanoseconds, we can reconstruct the track of the muon. The
direction of the neutrino and muon are collinear within an angle
0,_, =~ 1.5/ |E, degrees, where E, is measured in TeV, thus enabling
us to search for point sources of high energy neutrinos.

Upwardly propagating atmospheric neutrinos are a well under-
stood source that can be used to verify the detection technique. The
results reported here are from analyses of experimental data
acquired in 138 days of net operating time during the Antarctic
winter of 1997. At that time the detector consisted of 302 optical
modules deployed on ten strings at depths of between 1,500 m and
2,000 m (Fig. 1). The instrumented volume is a cylinder of approxi-
mately 120 m in diameter and 500 m in height. An optical module
consists of an 8-inch photomultiplier tube housed in a glass
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Figure 1 The AMANDA-B10 detector and a schematic diagram of an optical module. Each
dot represents an optical module. The modules are separated by 20 m on the inner strings
(1to4), and by 10 m on the outer strings (5 to 10). The coloured circles show pulses from
the photomultipliers for a particular event; the sizes of the circles indicate the amplitudes
of the pulses and the colours correspond to the time of a photon’s arrival. Earlier times are
in red and later ones in blue. The arrow indicates the reconstructed track of the upwardly
propagating muon.
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pressure vessel. A cable provides the high voltage and transmits the
anode current signals to the data acquisition electronics at the
surface. Figure 1 also shows a representative event that has satisfied
the selection criteria for an upwardly moving muon. The effective
detection area for muons varies from about 3,000 m* at 100 GeV to
about 4 X 10*m* for the higher-energy muons (=100TeV) that
would be produced by neutrinos coming from, for example, the
same cosmic sources that produce gamma-ray bursts’.

Because a knowledge of the optical properties of the ice is
essential for track reconstruction, these have been studied
extensively®”. The absorption length of blue and ultraviolet light
(the relevant wavelengths for our purposes) varies between 85 m
and 225m, depending on depth. The effective scattering length,
which combines the mean free path A with the average scattering
angle @ through M(1 — {cosf)), varies from 15 m to 40 m. In order to
reconstruct the muon tracks we use a maximum-likelihood
method, which incorporates the scattering and absorption of
photons as determined from calibration measurements. A bayesian
formulation of the likelihood takes into account the much larger
rate of downward muons relative to the upward signal and is
particularly effective in decreasing the chance for a downward
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Figure 2 Experimental data confront expectations. The numbers of reconstructed
upwardly moving muon events for the experimental data (Exp) from analysis A are
compared to simulations of background cosmic-ray muons (BG) and simulations of
atmospheric neutrinos (Atm) as a function of ‘event quality’, a variable indicating the
combined severity of the cuts designed to enhance the signal. The comparison begins at a
quality level of 4. Cuts were made on a number of parameters including the reconstructed
zenith angle (>100 degrees), maximum likelihood of the reconstruction, topological
distributions of the detected photons, and the number of optical modules recording
unscattered photons. The optimum levels of the cuts were determined by comparing the
relative rejection rates for Monte Carlo simulated neutrino events and background events.
b, Ratios of the quantities shown in a.
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muon to be mis-reconstructed as upward. (See refs 6 and 10-13
for more information on optical properties of ice, calibration, and
analysis techniques.)

Certain types of events that might appear to be upwardly
propagating muons must be considered and eliminated. Rare
cases, such as muons that undergo catastrophic energy loss through
bremsstrahlung, or that are coincident with other muons, must be
investigated. To this end, a series of requirements or quality criteria,
based on the characteristic time and spatial pattern of photons
associated with a muon track and the response of our detector, are
applied to all events that, in a first assessment, appear to be
upwardly moving muons. For example, an event that has a large
number of optical modules hit by prompt (that is, unscattered)
photons, has a high quality. By making these requirements (or
‘cuts’) increasingly selective, we eliminate correspondingly more of
the background of false upward events while still retaining a
significant fraction of the true upwardly moving muons. Because
there is a large space within which the parameters defining these cuts
can be optimized, two different and independent analyses of the
same set of data have been undertaken. These analyses yielded
comparable numbers of upwardly propagating muons (153 in
analysis A, 188 in analysis B). Comparison of these results with
their respective Monte Carlo simulations shows that they are
consistent with each other in terms of the number of events, the
number of events in common and, as discussed below, the expected
properties of atmospheric neutrinos.

In Fig. 2a, the number of experimental events is compared to
simulations of background and signal as a function of the (identical)
quality requirements placed on the three types of events: experi-
mental data, simulated upwardly moving muons from atmospheric
neutrinos, and a simulated background of downwardly moving
cosmic-ray muons. For simplicity in presentation, the levels of the
individual cuts have been combined into a single parameter
representing the overall event quality. Figure 2b shows ratios of
the quantities plotted above. As the quality level is increased, the
ratios of simulated background to experimental data, and of
experimental data to simulated signal, both continue their rapid
decrease, the former toward zero and the latter toward 0.7. Over the
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Figure 3 Reconstructed zenith angle distribution. The data points are experimental data
(from analysis B) and the shaded boxes are a simulation of atmospheric neutrino events,
the widths of the boxes indicating the error bars. The overall normalization of the
simulation has been adjusted to fit the data. The possible effects of neutrino oscillations on
the flux and its zenith angle dependence estimated from the Super-Kamiokande
measurements®, are expected to be small in our energy range.
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same range, the ratio of experimental data to the simulated sum of
background and signal remains nearly constant. We conclude that
the quality requirements have reduced the presence of wrongly
reconstructed downward muons in the experimental data to a
negligible fraction of the signal and that the experimental data
behave in the same way as the simulated atmospheric neutrino
signal for events that pass the stringent cuts. The estimated uncer-
tainty on the number of events predicted by the signal Monte Carlo
simulation, which includes uncertainties in the high-energy atmos-
pheric neutrino flux, the in situ sensitivity of the optical modules,
and the precise optical properties of the ice, is +40%/—50%. The
observed ratio of experiment to simulation (0.7) and the expecta-
tion (1.0) therefore agree within the estimated uncertainties.

The shape of the zenith-angle distribution of the 188 events from
analysis B is compared to a simulation of the atmospheric neutrino
signal in Fig. 3, where the absolute Monte Carlo rate has been
normalized to the experimental rate. The variation of the measured
rate with zenith angle is reproduced by the simulation to within the
statistical uncertainty. We note that the tall geometry of the detector
favours the more vertical muons. The arrival directions of the
upwardly moving muons observed in both analyses are shown in
Fig. 4. A statistical analysis indicates no evidence for point sources in
these samples. The agreement between experiment and simulation
of atmospheric neutrino signal, as demonstrated in Figs 2 and 3,
taken together with comparisons for a number of other variables (to
be published elsewhere) leads us to conclude that the upcoming
muon events observed by AMANDA are produced mainly by
atmospheric neutrinos with energies of about 50 GeV to a few
TeV. The background in this event sample is estimated to be
15 £ 7% events, and is due to misreconstructions.

From the consistency of the selected event sample with muons
generated by atmospheric neutrinos, and in particular the absence of
an excess of high-energy events with a large number of optical
modules that had been hit, we can determine an upper limit on a
diffuse extraterrestrial neutrino flux. Assuming a hard E > spectrum
characteristic of shockwave acceleration, we expect to reach a
sensitivity of order dN/dE, = 10 °E, *cm ~*s ™ 'sr~ ' GeV " '. This
value is low enough to be in the range where a number of models'*"
predict fluxes, a few of which are larger'>'®. Most recent estimates are
smaller'”™"°, The present level of sensitivity and the prospects for
improving it through longer exposure times and better determination
of muon energy illustrate the ability of large-area detectors to test
theoretical models that assume the hadronic origin of TeV photons
from active galaxies—models which would be difficult to confirm or
exclude without the ability to observe high-energy neutrinos.

Searches for neutrinos from gamma-ray bursts, for magnetic
monopoles, supernova collapses and for a cold dark matter signal
from the centre of the Earth are also in progress and, with only 138
days of data, yield limits comparable to or better than those from
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Figure 4 Distribution in declination and right ascension of the upwardly propagating
events on the sky. The 263 events shown here are taken from the upward muons
contained in both analysis A and analysis B. The median difference between the true and
the reconstructed muon angles is about 3 to 4 degrees.
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smaller underground neutrino detectors that have operated for a
much longer period (see refs 10-13).

From 1997 to 1999 an additional nine strings were added in a
concentric cylinder around AMANDA-B10. This larger detector,
called AMANDA-II, consists of 677 optical modules and has an
improved acceptance for muons over a larger angular interval. Data
are being taken now with the larger array. Yet the fluxes of very high
energy neutrinos predicted by theoretical models'* or derived from
the observed flux of ultra high energy cosmic rays' are sufficiently
low that a neutrino detector having an effective area up to a square
kilometre is required for their observation and study"'. Plans are
therefore being made for a much larger detector, IceCube, consisting
of 4,800 photomultipliers to be deployed on 80 strings. This
proposed neutrino telescope would have an effective area of about
1km?, an energy threshold near 100 GeV and a pointing accuracy
for muons of better than one degree for high-energy events. In
conclusion, the observation of neutrinos by a neutrino telescope
deep in the Antarctic ice cap, a goal that was once thought difficult if
not impossible, represents an important step toward establishing
the field of high-energy neutrino astronomy first envisioned over 40
years ago. O
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